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We propose a method to generate isolated relativistic terahertz (THz) pulses using a high-power
laser irradiating a mirco-plasma-waveguide (MPW). When the laser pulse enters the MPW, high-
charge electron bunches are produced and accelerated to ∼ 100 MeV by the transverse magnetic
modes. A substantial part of the electron energy is transferred to THz emission through coherent
diffraction radiation as the electron bunches exit the MPW. We demonstrate this process with
three-dimensional particle-in-cell simulations. The frequency of the radiation is determined by the
incident laser duration, and the radiated energy is found to be strongly correlated to the charge
of the electron bunches, which can be controlled by the laser intensity and micro-engineering of
the MPW target. Our simulations indicate that 100-mJ level relativistic-intense THz pulses with
tunable frequency can be generated at existing laser facilities, and the overall efficiency reaches 1%.
PACS numbers:
High power terahertz (THz) pulses have attracted sig-
nificant attention since they can serve as a unique and
versatile tool in fields ranging from biological imaging to
material science [1–4]. In particular, at high intensities,
such pulses allow manipulation of the transient states of
matter, for example giving control over the electronic,
spin and ionic degrees of freedom of molecules and solids
[5]. Several methods such as two-color laser filamentation
[6], optical reflection in lithium-niobate [7, 8] or organic
crystals [9], and relativistic laser irradiated plasmas [10–
18], have been developed for generation of THz pulses
with electric fields above 1 MV/cm. However, scaling
up such methods towards higher intensities remains chal-
lenging, thus representing an active research field.
Relativistic electron beams have also been used to pro-
duce THz radiation through a variety of mechanisms that
include synchrotron radiation [19], transition radiation
[20, 21], and diffraction radiation [22, 23]. Radiation
emitted by these mechanisms is coherent if the bunch
length is shorter than the radiated wavelength of inter-
est. The radiated energy then scales as the square of
the beam charge. Previous studies have also shown that
the radiation power decreases significantly with the beam
divergence, and the energy radiated in a small cone near-
axis would strongly benefit from a high beam energy [24].
Therefore, choosing an electron source with desired qual-
ities (high charge, high energy, and well-collimated) can
be crucial for producing intense THz emission that is at-
tractive to a range of applications [5].
Currently available sources of relativistic electron
beams are either linear accelerators or compact sources
based on laser-plasma acceleration. The THz radia-
tion energy from linear accelerators has reached ∼ 600
µJ/pulse [25], but such sources are expensive and large
and thus can only offer limited accessibility. Laser wake-
field acceleration in the nonlinear “bubble” regime can
produce multi-GeV electron beams with small divergence
(∼0.1 mrad), but only small charge (1-100 pC) [26].
Self-modulated laser-wakefield acceleration can produce
nano-Coulomb (nC) electron bunches [27] but typically
have a temperature of a few MeV, and the beam diver-
gence is large due to direct laser acceleration [28]. Last
but not least, hot electrons that arise from laser-solid in-
teraction can reach up to nC-µC charge, but the electron
temperature is typically only a few hundreds of keVs to
a few MeVs, and the divergence is usually large (∼ 40◦)
[13]. Recently, THz radiation energy above millijoule
(mJ) level has been reported in laser-solid interaction
[17], but since a picosecond laser pulse is used, the co-
herent frequency range is below 1 THz, and the efficiency
is ∼ 0.1%.
In this letter, we propose a scheme to generate iso-
lated THz pulses with electric fields beyond 1 GV/cm
with high efficiency (∼ 1%). As illustrated in Fig. 1(a),
an intense laser pulse is focused into a micro-plasma-
waveguide (MPW), leading to electrons being extracted
from the wall and accelerated by longitudinal electric
fields of the transverse magnetic modes up to a few hun-
dreds of MeVs [29–33]. The divergence is usually a few
degrees and the duration is the same as the laser pulse.
Typically the electron beam inherits the density of the
plasma skin layer (nbeam ∼ nc, where nc = meω20/4pie2 is
the critical density, e and me are the elementary charge
and the electron mass, ω0 is the laser angular frequency)
from which it is generated [34]. Thus, a total charge of a
few tens of nC can easily be obtained with contemporary
100-fs high-power laser systems. Such electron source is
suitable for THz generation based on coherent transition
radiation and/or coherent diffraction radiation (CDR) as
noted above. The simulations demonstrate that when
the electron beam exits the MPW, a substantial part of
the electron energy (∼ 20%) is transferred to electro-
magnetic energy through CDR, leading to relativistically
strong THz pulses up to 10-100 mJ energy.
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2FIG. 1: (Color online) (a) Schematics of the proposed setup.
A laser pulse is focused on the entrance of a MPW (white
cylinder), which produces electrons and accelerates them up
to ∼ 100 MeV. As the electron beam (black-white dots, the
colour represents their energy) exits the MPW (200 fs), strong
THz emission is generated by CDR. EΘ field at 200 fs and
330 fs is shown in (a), where a quarter is removed to show the
colour scale inside the radiation shell. (b) ER and EΦ com-
ponents at 330 fs, where R, Θ, Φ are defined in (a). The an-
gular distribution of the radiated THz energy at 330 fs within
Θ < 45◦ is presented in (c). The white dashed, dotted, and
solid lines in (c) are contours of electron beam density at 0.1,
0.4 and 0.7 of the maximum density, respectively. The cyan
cross marks the observation angle in Fig. 2.
We demonstrate our scheme using 3-dimensional (3D)
particle-in-cell (PIC) simulations with the EPOCH code
[35]. A linearly polarised (in y-direction) laser with in-
tensity 1.4× 1020 W/cm2 (normalised intensity a0 =
eE0/mecω0 = 10, where E0 is the amplitude of laser
electric field and c is the speed of light) is focused on the
entrance of a MPW, propagating along the x-axis. The
laser beam has a temporal Gaussian profile with FWHM
duration of τ0 = 54 fs and a focal spot w0 = 4λ0, where
λ0 = 1 µm is the laser wavelength. The MPW has a den-
sity of n0 = 15nc, the radius and length are r0 = 5 µm
and L = 30 µm, respectively. The inner surface of the
MPW (r < r0, where r =
√
y2 + z2) has a density gradi-
ent n(r) = n0 exp [−(r − r0)2/σ20 ], and the scale length is
σ0 = 1 µm. This leads to an effective MPW radius to be
rc = 3.35µm, where n(rc) = 1 nc. The dimensions of the
simulation box are x × y × z = 100µm × 80µm × 80µm
and are sampled by 2500× 800× 800 cells with 8 macro
particles for electrons and 2 for C6+ ions. The algorithm
proposed by Cowan et al. [36] is used to minimise the
numerical dispersion.
The electric fields in the simulation with frequency be-
low 60 THz are presented in Fig. 1(a-b), where a 35-mJ
THz pulse is obtained, and the radiated power reaches
0.7 TW. To show the polarisation of the CDR, we apply
spherical coordinates with the origin at the exit of MPW
on the laser propagation axis xc = 31µm, and convert
the coordinates according to R =
√
(x− xc)2 + y2 + z2,
Θ = arcsin(r/R), and Φ = arctan(z/y) as illustrated in
Fig. 1(a).
The radiation fields are emitted simultaneously with
electron propagation through the aperture at x = xc,
mostly confined in a spherical shell. The THz emission is
predominantly radially polarised in the plane determined
by the observation line-of-sight and the laser propaga-
tion axis. The polar component, EΘ, contains 99% of
the radiation energy. The preference of electron distri-
bution in the laser polarisation direction results in a small
quadrupolar azimuthal electric field EΦ. The radial com-
ponent ER is negligible in the radiating shell.
The angular distribution of THz energy in the forward
direction is shown in Fig. 1(c), with white lines in the cen-
tre representing the electron beam density. The electrons
reach an cut-off energy of 100 MeV when they exit the
MPW, and their total charge is 7.4 nC. The divergence
of the electron beam is about 10◦. It is slightly elongated
along the laser polarisation direction. A depleted area is
observed within the electron beam, because the radiation
fields add coherently and tend to cancel each other in this
region. Since the electron energy is high, the CDR power
is strongly peaked on the edge of the beam [37]. The in-
tensity rises sharply forming a very thin layer (∆Θ ∼ 1◦)
around Θ ∼ 17◦. The radiation power in the direction
perpendicular to the laser polarisation direction is higher
due to the coherent sum of electric fields radiated by the
elongated electron beam.
The radiation field seen at Θ = 17◦, Φ = 90◦ is shown
by the black line in Fig. 2(a). The red line shows the
low-frequency component below 60 THz. The amplitude
of the half-cycle THz pulse is 3 GV/cm, corresponding
to a normalised amplitude of aTHz = 1.6, reaching the
relativistic intensity. Figure 2(b) shows the spectra of the
radiation fields: most of the pulse energy concentrates in
the desired THz frequency range of 1-10 THz. The inset
in Fig. 2(b) shows the spectrum from 0 to 1000 THz for
τ0 = 54 fs, with a small bump around the laser frequency
at 300 THz and a peak at the double frequency 600 THz.
The latter is the result of the modulation of the electron
beam at 2ω0, and can serve as an experimental signature
of the CDR [24].
The duration of the THz field coincides with the
laser pulse, and the cut-off frequency is determined ac-
cordingly, as shown in Fig. 2, where the green and
blue dashed lines represent the radiation field (after
frequency-filtering) and spectra produced by laser pulses
with τ0 of 36 fs and 72 fs, respectively. With currently
available laser systems, this scheme is capable of generat-
ing relativistic pulses with frequencies ranging from near
infrared to sub-THz.
The mechanism of the electron beam generation, i.e.
the electron injected into the channel (vacuum core of
the MPW), is crucial for understanding the THz radi-
ation power. The production of electron bunches at a
3FIG. 2: (Color online) The radiation fields EΘ (a) and their
spectra (b) observed at Θ = 17◦ and Φ = 90◦, the black and
red lines represent the CDR with and without a low-pass filter
(frequency below 60 THz) for laser FWHM duration τ0 = 54
fs. The green and blue dashed lines show the cases driven by
τ0 equals to 36 fs and 72 fs, respectively. The inset in (b) is
the full-spectrum (0-1000 THz) for τ0 = 54 fs.
plasma-vacuum interface when irradiated by an intense
laser pulse can be attributed to the counterstreaming
electrons percolating through the laser nodes, as the laser
pushes the surface electrons inwards [34]. In the MPW,
the underlying physics is similar, but the mechanism
that pushes the surface electrons (towards the plasma
cladding), and the associated radial counterstreaming,
depends on the ratio of the laser focal spot size (w0) and
the effective MPW radius (rc), which results in different
injection behaviour.
To show this, we perform 2D PIC simulations of lasers
having different focal spot sizes propagating in a long
waveguide (240 µm). The laser and plasma parameters
are the same as in the 3D simulation unless otherwise
described. The resolution is 50 and 20 cells per laser
wavelength in longitudinal and transverse directions, re-
spectively. The third dimension is assumed to be 4 µm
when estimating the electron number. In Fig. 3, we plot
the total electron number (above 10 MeV) produced in
the laser-MPW interaction against the propagation dis-
tance for different w0/rc ratios (the laser energy is fixed).
Figure 3 shows that when w0/rc ≥ 1, the injection hap-
pens very fast, mainly at the entrance of the MPW. This
is because the initial impact of the laser and MPW front
surface is violent, which leads to strong diffracted light
that pushes surface electrons into the plasma, thus re-
sults in significant counterstreaming. The electrons are
more likely to be injected at this stage. In the cases
where w0/rc < 1, the injection at the entrance is sig-
nificantly reduced and the injection inside the MPW be-
comes important, which is due to the interaction between
waveguide modes and the MPW wall. The photon mo-
mentum ~kT, associated with the transverse wave num-
ber kT, pushes the surface plasma radially as the light is
bouncing between the walls.
Interestingly, despite different injection processes, all
cases result in similar beam charges for sufficiently long
MPW. This is because in order to be injected into the
channel, the electrons percolating through the laser nodes
must also overcome the electrostatic potential barrier
near the MPW wall, which leads to saturation. The
charge injected at the entrance suppresses the injection
inside the channel. In the end, the maximum charge
separation on the wall will be just sufficient to prevent
the most energetic counterstreaming electrons inside the
MPW from escaping. The energy of these electrons is
determined by the fundamental waveguide mode, which
is the same for all cases.
To estimate the energy of the electrons we use mo-
mentum conservation. Note that the ion response time
is typically longer than the laser duration, therefore the
photon momenta is first transferred to electrons. The
number of plasma electrons streaming towards the MPW
inner surface (counterstream due to charge separation)
per unit time is Ne ≈ ncpir2cβ
′
ckx/kT, where kT and kx
are the transverse and longitudinal wavenumber in the
MPW, β
′
is the radial velocity of counterstreaming elec-
trons normalised by c. These electrons are reflected back
on the plasma-vacuum interface due to the interaction
with the photons (Nγ per unit time). We assume the
number of electrons percolating through the laser nodes
as well as the number of the photons absorbed are neg-
ligibly small during this process. According to momen-
tum conservation 2Nγ~kT = Ne(γβr + γ′β′)mec, where
γ′ = (1 − β′2)−1, γ and βr are the relativistic gamma
factor and the normalised radial velocity of the electrons
that being pushed back (after the interaction).
Here we are only interested in the maximum counter-
streaming electron energy that can be achieved. Substi-
tuting βr ≈ β′ due to quasi-neutrality, we find that when
the longitudinal velocity of the surface electrons vanishes
after interaction, γ′ reaches its maximum,
γ′m ≈
Γ +
√
Γ2 + 4
2
(1)
where Γ ≡ (x21a2m)/(k20r2c ), k0 =
√
k2x + k
2
T, and am is the
normalised intensity of the waveguide mode. For w0 ≥ rc,
FIG. 3: (Color online) The electron yield vs propagation
distance, for different w0/rc ratios.
4am ≈ a0, and for w0 < rc, am = a0w0/rc. We have
assumed the radius of MPW is sufficiently large (kT 
k0), and only the fundamental mode exists inside the
MPW, so that kT = x1/rc and x1 = 2.4 is the first root
of eigenvalue equation [38].
The electrostatic field near the MPW wall can be es-
timated using Gauss’s law, EC = 2Q/rccτ0, where Q is
the charge that is lost from the wall (i.e. injected into
the channel). Further injection can only happen when
the kinetic energy of conterstreaming electrons over-
comes the electrostatic potential within the skin layer,
i.e. (γ′m − 1)mec2 ≈
√
γ′meECc/ω0, which yields the sat-
uration charge,
Q ≈ (γ
′
m − 1)√
γ′m
k0rc
2
mec
3
e
τ0. (2)
As an order-of-magnitude estimate, for a micro-sized
channel, k0rc is typically around unity. This means that
a 1020 W/cm2, 50-fs laser system could produce 10 nC
electron beams, which agrees with simulations. From
Eq. (2) the scaling of the charge with the normalised laser
intensity can be estimated: for weakly-relativistic cases
(Γ  1) Q ∝ a2m/rc, while for strongly-relativistic cases
(Γ  1) Q ∝ am. Note, that the energy of CDR scales
as Wr ∝ Q2, it is therefore important to confirm these
scalings by 3D PIC simulations to guide future experi-
ments. In the analysis above we neglected the azimuthal
dependence, which is strictly valid only for circular polar-
ization. However, 3D PIC simulations presented in Fig. 4
show that the obtained scalings are valid also for linear
polarization.
In Fig. 4(a), we plot the electron charge produced by
the MPW and the total THz energy (below 60 THz) as
functions of a0, where rc = 3.35 µm and w0 = 4 µm
are fixed, and the MPW length is L = 30 µm. The
parameters are the same as in Fig. 1 unless otherwise
stated. It is shown that the charge increases quadrati-
cally with the normalised laser intensity (Q ∝ a20) when
FIG. 4: (Color online) The electron beam charge (red) and
the THz radiation energy (blue) evolution with varying (a)
laser intensity (with w0 = 4 µm and rc = 3.35 µm) and (b)
effective MPW radii (with a0 = 10 and w0 = 4 µm). Open
markers are 3D PIC simulation results (circles and squares
represent the electron charge and THz energy respectively),
and the solid and dashed curves are fittings suggested by
Eq. (2).
a0 is small, and the scaling becomes linear (Q ∝ a0) for
a0 > 8, where Γ exceeds unity. In addition, the simula-
tion results indicate that the THz energy can be fitted
by Wr ∝ a40 in the weakly-relativistic regime, where the
transition efficiency increases linearly with the intensity.
In the strongly-relativistic regime, the THz energy can be
fitted by Wr ∝ a20, where the conversion efficiency satu-
rates at ∼ 1%. Note, that this also demonstrates that the
radiation is coherent (Wr ∝ Q2). Our numerical results
suggest that TW-class, 100-mJ-strong THz emission can
be produced by a 10-J/250-TW laser system, which is
within reach of the existing laser facilities.
In Fig. 4(b), we consider the effects of varying the
MPW radius variation when the laser parameters are
fixed (a0 = 10 and w0 = 4 µm), and the MPW length
is extended to L = 120 µm to ensure sufficient distance
for injection. In this case, Eq. (2) leads to Q ∝ r−1c
in the strongly-relativistic regime, and Q ∝ r−3c in the
weakly-relativistic regime, which agrees with our simu-
lations. Since the radiation is coherent, it results in a
quenching effect: the radiation energy drops dramati-
cally (Wr ∝ r−6c ) as the effective radius exceeds a thresh-
old near Γ ∼ 1. This is verified by a sharp decrease of the
THz energy at the separatrix of the two regimes around
rc ≈ 4.3 µm, when the counterstreaming electrons be-
come weakly-relativistic (i.e. Γ ≈ 0.7).
Finally, we note that Eq. (2) does not consider the ef-
fects of high-order waveguide modes (which give a higher
transverse light pressure) and strong diffraction at the en-
trance (so that the charge produced at the entrance may
already exceed the saturation limit suggested by Eq. (2),
especially in large MPW). In fact, the value from Eq. (2)
should be treated as the minimum charge that can be
produced by laser-MPW interaction, as the interaction
between the lowest-order mode and MPW is the weak-
est. A detailed study of these effects is left for future
work.
In conclusion, we proposed a scheme to generate rel-
ativistic isolated THz pulses based on the interaction of
a laser pulse with a micro-plasma-waveguide. 3D PIC
simulations show the energetic electron beam with a few
tens of nC charge can be produced inside the channel.
As the beam exits the waveguide, a substantial part of
the electron energy is transferred to an intense THz emis-
sion through coherent diffraction radiation. We demon-
strated with 3D PIC simulations that the overall effi-
ciency reaches 1%, the radiation power 1 TW and the
energy 100 mJ. We obtain scaling laws for THz gener-
ation energy in different regimes that are characterised
by the maximum gamma factor of the counterstreaming
electrons induced by the fundamental mode. The pro-
posed scheme can be easily extended to other frequency
ranges by varying the driving laser duration, allowing the
generation of radiation from infrared to sub-THz range
with relativistic intensities. This opens a new avenue
towards high-power light matter interaction beyond the
5state of the art.
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